ABSTRACT PLAGEMANN, PETER G. W. (Western Reserve University, Cleveland, Ohio), AND H. EARLE SWIM. Replication of mengovirus. I. Effect on synthesis of macromolecules by host cell. J. Bacteriol. 91:2317Bacteriol. 91: -2326Bacteriol. 91: . 1966.-The replication of mengovirus was studied in two strains of Novikoff (rat) hepatoma cells propagated in vitro. The replicative cycle in both strains required 6.5 to 7 hr. Infection resulted in a marked depression of ribonucleic acid (RNA) and protein synthesis by strain NISI-63. Inhibition of RNA synthesis was reflected by a decrease in the deoxyribonucleic acid (DNA)-dependent RNA polymerase activity of isolated nuclei. Mengovirus had no effect on either protein or RNA synthesis or on the DNAdependent RNA polymerase activity of a second strain, NlSl-67. The time course of viral-induced synthesis of RNA by cells was studied in cells treated with actinomycin D. It was first detectable between 2.5 and 3 hr after infection and continued until 6.5 to 7 hr. The formation of mature virus was estimated biochemically by measuring the amount of RNA synthesized as a result of viral infection which was resistant to degradation by ribonuclease in the presence of deoxycholate. Approximately 70% of the deoxycholate-ribonuclease-resistant RNA was located in mature virus, and the remainder was double-stranded. The formation of mature virus began about 45 min after viral-directed (actinomycin-resistant) synthesis of RNA was detectable in the cell, and only about 18 to 20% of the total RNA synthesized was incorporated into virus. Release of virus from cells began about 1 hr after maturation was first detectable. Release of virus from cells was accompanied by a loss of a large proportion of their cytoplasmic RNA and protein.
Infection of mammalian cells with certain picornaviruses depresses the rate of synthesis of cellular ribonucleic acid (RNA) and protein (12, 16, 18, 19, 22, 28, 30, 36) . In addition, infection of L cells with mengovirus (4) and of HeLa cells with poliovirus (17) results in a marked decrease in the deoxyribonucleic acid (DNA)--dependent RNA polymerase activity of the nucleus. The initial depression of synthesis of cellular RNA and protein is followed by an increase in the rate of synthesis of RNA and protein (12, 16, 24, 30, 36) . The synthesis of viral RNA may not require a DNA template, because it is unaffected by actinomycin D in concentrations which inhibit the DNA-dependent synthesis of RNA in mammalian cells (27) . This is also indicated by the observation that cell-free fractions from infected cells exhibit RNA polymerase activity which is 1 Present address: Department of Microbiology, University of Minnesota School of Medicine, Min- neapolis. 2317 resistant to actinomycin D and not found in uninfected cells (5, 6) . Actinomycin-resistant synthesis of viral RNA by protoplasts (20) and the appearance of viral-induced RNA polymerase activity (2, 15, 35) have been demonstrated in Escherichia coli infected with RNA phage. These observations also suggest that infection with RNA viruses results in the induction of a DNAindependent RNA polymerase in the host cell.
The present investigation was undertaken to obtain more information on the mechanism by which replication of viral RNA occurs in mammalian cells, with the use of a mengovirus-Novikoff hepatoma ceU system as a model. This communication describes the general characteristics of this system and the results of studies of the effect of viral infection on the synthesis of RNA, DNA, and protein by Novikoff hepatoma cells. The data indicate that inhibition of host-cell synthesis of RNA and protein early in infection is not a prerequisite for the production of men-PLAGEMANN AND SWIM govirus. The Buffer and cell culture media. Buffer (Bl) contained the following (in millimoles): potassium chloride, 10; tris(hydroxymethyl) aminomethane (Tris)-HCI (pH 7.4), 10; and magnesium chloride, 1.5 (33) . Earle's saline (ES) was prepared as described by Earle (10) . S147A had the same composition as S103 (31) except that hydroxyproline was omitted and the concentration of glucose was increased to 15 mm. BM42 was composed of S147A supplemented with 1 mg/ml of Pluronic F68 (32) . BM42 was prepared from a dry powder (31 40 passages during the course of this research. The concentration of virus was estimated by hemagglutination (HA) assay (11) or by infectivity titrations in NlSl cells maintained in roller tubes. Ten-fold dilutions of virus were prepared in ES, and 0.1 ml was added to each of four tubes containing 105 cells in 2 ml of fresh BM42. The cells were incubated at 37 C and after 4 days were examined for cytopathic changes. The TCID5o was calculated by the method of Reed and Muench (26) .
Virus was propagated by exposing cells in BM42 at a density of 107 per milliliter to 5-50 TCID5o per cell of virus for 30 min at 37 C. The suspension was then diluted to 106 to 2 X 106 cells per milliliter and incubated at 37 C on a rotary shaker for 12 to 24 hr. Cellular debris was removed by centrifugation at 4,000 X g for 30 min or by passage of approximately 250 ml/min through a Sharples centrifuge (30,000 rev/min). The supernatant fluid contained between 108 and 109 TCID5o per ml and was stored at -20 C. Cells for experiments were infected in BM42 with 10 to 50 TCID5o per cell as described in the foregoing.
Cellfractionation. All steps were conducted at 0 to 4 C. Cells were removed from the medium by centrifugation, at 500 X g for 5 min, and were washed in 10 volumes of ES. The cells were resuspended in 8 to 10 volumes of Bi and allowed to stand at 0 C for 15 min. The cells were disrupted by 8 to 10 strokes with a Dounce homogenizer. Microscopic examination showed that over 95% of the cells were broken by this procedure. The nuclei were sedimented at 800 X g for 10 min, and the supernatant fluid was referred to as the postnuclear fraction.
Chemical determinations. Protein was estimated by the method of Lowry et al. (21) . RNA and DNA were determined in samples of cell fractions after precipitation with equal volumes of 1 N perchloric acid (PCA) at 0 C. The precipitate was washed three times with cold 0.5 N PCA and heated in 0.5 N PCA at 70 C for 30 min. The hydrolysate was centrifuged at 2,000 X g for 10 min, and the resulting supernatant fluid was analyzed for RNA by the orcinol method (1) and for DNA by the diphenylamine method (9) . All values for RNA were corrected for the presence of DNA by the method of Schneider (29) . Bovine serum albumin, yeast RNA, and thymus DNA served as standards.
Assay for DNA-dependent RNA polymerase. Samples of 0.2 ml of nuclear fraction containing 0.6 to 1.5 mg of protein were incubated with 0.1 ml of saturated (NH4)2SO4 (pH 8.2) and 0. 4 10 min, and the precipitate was removed by centrifugation at 1,000 X g for 5 min. The precipitates were washed three times in 5 ml of 0.5 N PCA at 0 C and then suspended in 1 ml of 0.5 N trichloroacetic acid and heated for 30 min at 70 C. A fter cooling, the samples were transferred quantitatively to scintillator bottles and assayed for radioactivity.
Uridine incorporation. Details of the conditions are described in the appropriate experiments. Samples were analyzed for acid-insoluble radioactivity as described earlier.
Determination of deoxycholate-ribonuclease-resistant RNA. Samples of labeled cells were treated with 1% DOC and 20 ,mg/ml of ribonuclease at 37 C for 20 min, and the acid-insoluble material remaining was referred to as DOC-(ribonuclease)-resistant RNA.
Incorporation of labeled aminio acids. Duplicate 3-ml samples of cell suspension were pulse-labeled with C14-amino acids as described in the appropriate experiments. A 1-ml amount of a 0.2% solution of bovine serum albumin and 3 ml of 1 N PCA containing 30 mg of Hyflosupercel were then added, and the mixture was heated at 70 C for 30 min. The mixture was cooled, and the acid-insoluble material was recovered by centrifugation at 2,500 X g for 10 min. The pellet was washed twice with 5 ml of 0.5 N PCA, once with 5 ml of trichloroacetic acid, and finally dissolved in 1 ml of formic acid, and analyzed for radioactivity.
Radioactivity determinations. Aqueous samples containing 0.5 to 1.0 ml were added to 15 ml of scintillation fluid prepared by adding 200 ml of methanol, 125 g of naphthalene, 7.5 g of PPO, and 0.75 g of POPOP to 1 liter of p-dioxane. The radioactivity was determined with a Packard automatic three-channel Tricarb liquid scintillation spectrometer. All values were corrected for background.
Sucrose density gradients. Linear sucrose density gradients were prepared in B1 as described by Britten and Roberts (7) . RESULTS Growth curve ofmengovirus in NJSJ-67 cells. A typical growth curve of mengovirus in NlS1-67 cells is illustrated in Fig. 1 . Mature virus appeared in the cells at approximately 4 hr after infection and began to be released into the medium about 0.5 to 1 hr later. Viral multiplication was complete at 6 to 7 hr. An increase in trypan blue-positive cells was evident by 6 hr, and by 8 to 9 hr 95% of the cells were positive. Similar growth curves were observed in experiments performed with strain NlSl-63. Effect of viral infection on RNA synthesis by host cell. The effect of infection with mengovirus on the rate of uridine incorporation by NlSl-63 and NlS1-67 cells is illustrated in Fig. 3 . The results presented in Fig. 3A show that the rate of uridine incorporation into acid-insoluble material by NlS1-63 cells began to decline immediately after infection, and reached a minimal value at 2.5 hr. Subsequently, the rate began to increase and reached a maximal level at 5 hr. This increase reflects the production of viral RNA as shown by the curve for uridine incorporation in the presence of actinomycin D. The initiation of actinomycin-resistant synthesis of RNA coincides with the production of viral-induced RNA polymerase (25) . The the host RNA polymerase was not affected significantly throughout the period of viral replication (Fig. 4) . Ammonium sulfate was used in the assays for the DNA-dependent RNA polymerase (Fig. 4) , because it eliminated interference by the viral-induced RNA polymerase by inhibiting its activity (25) . Ammonium sulfate also stimulates the activity of the DNA-dependent RNA polymerase activity of isolated nuclei (4, 13) .
Effect of infection on protein synthesis by different strains of Novikoff cells. The rate of incorporation of C'4-amino acids into protein was identical in both uninfected and infected NISI-67 cells for the first 3 hr after infection (Fig. 5B ). Viral-induced synthesis of protein became apparent between 4 and 6 hr after infection by a small increase in the rate of amino acid incorporation in infected cells over that observed in uninfected controls during the same period. The increased rate of protein synthesis in infected cells occurred at the same time as the viral-induced synthesis of RNA (Fig. 3) . The loss in capacity of infected cells to synthesize RNA and protein coincided with an increase in the number of nonviable cells in the culture (Fig. 5B) (Fig. 6 ). Under these conditions, uridine is almost exclusively utilized for viral-induced synthesis of RNA. Samples of cell suspension were analyzed for total acid-insoluble radioactivity and DOC-ribonuclease-resistant radioactivity at various intervals after the addi- the actinomycin-resistant synthesis of RNA began at about 2.5 hr after infection, proceeded at a constant rate between 3.5 and 5.5 hr, and declined thereafter. These data are in accord with the results of experiments employing pulse labeling (Fig. 3) . The incorporation of radioactivity into DOC-ribonuclease-resistant material relative to the total varied with time. During the initial phase between 2.5 and 3.5 hr after infection, the DOC-ribonuclease-resistant RNA represented about 8 % of the total RNA synthesized, whereas in the second phase between 4 and 6 hr it represented approximately 25%. The DOC-ribonuclease-resistant RNA formed between 2.5 and 3.5 hr is largely double-stranded RNA which is also resistant to ribonuclease under the conditions employed (Plagemann and Swim, in preparation). Between 60 and 75% of the DOC-ribonucleaseresistant RNA formed after 3.5 hr was found to be in mature virus, and the remainder in doublestranded RNA (Fig. 7 and Table 1 ). The temporal relationships of viral formation measured in this way agree with the results obtained by infectivity titrations and HA determinations (Fig. 1) .
Proportion of DOC-ribonuclease-resistant RNA in mature virus. The data presented in Fig. 7 iUustrate a sucrose density gradient profile of DOC-ribonuclease-resistant RNA synthesized between 4.5 and 5.5 hr after infection. The radioactivity profile shows that the DOC-ribonucleaseresistant RNA was largely associated with two peaks. A comparison of the profiles for optical density and for radioactivity illustrates that one peak (approximately 1505) sedimented faster than the 73S ribosomes and the other at a slower rate. The HA activity was found largely in the 150S peak. The small amount of HA activity at the top of the gradient probably represented virus complexed with lipid material solubilized by the DOC (Hoshino and Swim, unpublished data). Experiments similar to that illustrated in Fig. 7 were performed to ascertain the relative proportion of DOC-ribonuclease-resistant RNA which is present in virus. To accomplish this, samples from different regions of the gradient were pooled as illustrated in Fig. 7 , and the RNA in each of these major fractions was isolated by extraction with hot phenol-sodium dodecylsulfate and analyzed for single and double-stranded RNA as described by Plagemann and Swim (in preparation). The results demonstrated that fraction I (150S peak) contained exclusively single-stranded RNA with sedimentation characteristics (37S) identical to that extracted from purified virus. The RNA extracted from fraction II was found to be double-stranded (20S). Fraction III from the top of the gradient contained both doublestranded and viral RNA in a ratio of about 9:1. The results of several such experiments performed The combined data in Fig. 7 and Table 1 (Fig. 4) (Fig. 6) . It has been shown that 60 to 75% of the DOC-ribonuclease-resistant RNA formed between 4 and 6 hr after infection is located in mature virus, and that the remainder is doublestranded RNA (Fig. 7 and Table 1 ). The DOCribonuclease-resistant RNA formed before viral maturation begins is double-stranded RNA ( Table 1 ). The formation of mature virus begins about 45 min after viral directed (actinomycinresistant) synthesis of RNA is detectable by the procedures employed (Fig. 1, 3, 6 , and Table 1 
